ABSTRACT
INTRODUCTION
The number of wind parks is growing continuously. New park installations usually utilize turbines either of type 3 (DFIG) or type 4 (full converter). As both of them include power electronic converters, their possible network impact with respect to harmonics is an important concern for manufacturers, planners, operators and utilities. According to current practice in most cases, emission limits in terms of harmonic current magnitudes are provided by the utility, and the planner has to confirm compliance, which is mostly done by simplified calculations. Dependencies of harmonic currents on output power, network impedance or supply voltage distortion as well as the real impact on the voltage harmonic levels in the network are in many cases not adequately considered yet. Experiences have shown that simulation based on estimations can suffer from high uncertainties and the impact assessment based only on currents might be insufficient, as it does not consider possible cancellation effects with the existing supply voltage distortion (background distortion) properly.
Several studies exist, which analyze the harmonic and interharmonic currents of wind parks and the aggregation characteristic of multiple turbines based on field measurements [1] [2] [3] . This paper aims to contribute to these research activities and discusses some aspects of the current distortion within a typical wind park installation as well as its impact on the voltage distortion at the connection point with the grid.
After a short description of the wind park layout, the measurement campaign is explained. This includes also a brief discussion of issues related to the measurement uncertainties of the used sensors and instrument transformers. The next part presents selected results for individual turbines (units), while the last part is dedicated to the harmonics at installation level. Based on the experiences from the measurement campaign the paper concludes with some general recommendations.
MEASUREMENT CAMPAIGN
The wind park consists of 6 similar type 4 turbines and has a total rated power of 12 MW. The park is connected to an 110kV/20kV substation via a 23.5 km MV cable. Two types of measurements have been performed:  A long-term measurement of almost 2 months in order to monitor the typical behaviour of harmonics under typical operating conditions.  A short-term measurement where turbines have been actively controlled according to a defined schedule in order to identify the impact of specific operating conditions on harmonic distortion.
Measurements have been performed at each turbine using six GPS synchronized IEC 61000-4-30 class A Power Quality analyzer with a frequency range up to 10 kHz and the additional capability to measure absolute harmonic phase angles. In addition, a transient recorder with a sampling rate of 1MS/s has been used for acquiring highly synchronized data of the feeders and the complete wind park during the short-term measurements. The location of the instruments is shown in Fig. 1 .
For each instrument/sensor combination individual accuracy thresholds have been identified based on a procedure introduced in [4] . Above the threshold the measurement uncertainty at all considered frequencies is better than 10 %/5°. The obtained thresholds are summarized in Table I . All measurement data below the threshold have been excluded from the analysis. It should be noted that especially the accuracy of harmonic phase angles has a high impact on the analysis of harmonics summation and cancellation effects [5] .
ANALYSIS AT TURBINE LEVEL
Magnitude/level of distortion current However, for several harmonic orders significant differences in both directions (higher/lower than certificate values) can be observed. The main reason for these differences is that the total measured current is a combination of two parts: one part caused by the turbine itself and one part caused by the network due to the supply voltage distortion. According to [6] the first part can be referred to as primary emission, the second part as secondary emission. Deviations in supply voltage distortion as well as deviations in the network harmonic impedance between the test facility for certification measurements and the connection point cause the observed differences. Consequently, the simple comparison of measured harmonic currents with specified limits is often not sufficient and might result in misleading conclusions. It can be further noted that for some orders the harmonic current is unbalanced, which is most likely caused by a slight unbalance in background distortion.
The highest levels for interharmonic currents ( Related to the rated current of the turbine these currents are below 0.25%. Most of the levels match the certificate values of the manufacturer well, because no significant interharmonic background distortion exists.
The supraharmonic currents in the frequency range 2-9 kHz are well below 0.1% in relation to the rated current of the turbine. Most of the measured levels show a significant difference to the certificate values, being usually lower. This behaviour confirms the often reported fact that the distortion above 2 kHz depends much more on the connection point characteristic than the distortion below 2 kHz [8] . Especially the impedance at higher frequencies is more volatile as it is mainly determined by the In spite of slight differences, the turbines in general behave very similar. This applies also for the other phases. The differences are caused by slight differences in the voltage distortion, output power and/or control settings of each turbine as well as differences in the circuit elements (inverter, filter, transformer, etc.).
Prevailing harmonic phase angles
In order to determine the similarity between the individual turbines, not only the magnitude, but also the phase angles of distorting currents have to be considered. In general, two different options exist for the calculation of the phase angle: phase angle between voltage and current at the same frequency (relative harmonic phase angle; e.g. for harmonic power flow studies) and phase angle between harmonic current and fundamental voltage (absolute harmonic phase angle). The absolute harmonic phase angle is often referred to as prevailing phase angle. It is used to study cancellation effects between the harmonic currents of individual devices (also referred to as primary cancellation) as well as between the harmonic current of an installation and the existing background voltage harmonics (also referred to as secondary cancellation).
Further details about primary and secondary cancellation can be found in [8] . This paper discusses harmonic cancellation effects and consequently applies the absolute harmonic phase angle.
The level of similarity (or steadiness), also referred to as the level of prevalence of the harmonic phase angle for multiple measurement data i (e.g. in a certain time interval) is determined based on the complex harmonic currents I i (h)
by the harmonic prevailing ratio PR (h) :
As example Fig. 4 /left presents all data points of the longterm measurement for the 7 th current harmonic and all three phases of turbine WTG1 in the complex plane. The dispersion is caused by the supply voltage distortion as well as the varying operating points of the wind park. A prevailing location can be identified in the heat map plot (Figure 4 /right) as red area, which corresponds to the area of highest density of measurement data.
The prevailing phase angle of a set of data points is calculated by:
If the data is too dispersed (usually for PR (h) <0.8), the prevailing phase angle has no meaning and should not be reported. Further explanations on calculation and assessment of harmonic cancellation effects and prevailing ratio can also be found in [8] . Table II exemplarily presents the prevailing phase angles for the first two turbines WTG1 and WTG2 (cf. Fig. 1 ) and the first 9 harmonics for the long-term measurements. The colors indicate the level of prevalence. The other turbines behave similar. Considering the whole long-term measurement, in most cases the dispersion of harmonic phase angles is high. Only 2 nd , 4 th and 7 th harmonic orders present a consistent and distinctive prevalence. This confirms the high sensitivity of harmonic currents on the operating conditions of the wind park and that simple constant current source models are not sufficient for developing accurate models for harmonic studies. 
Impact of supply voltage distortion
Output power and supply voltage distortion are the most significant factors influencing the resulting distortion current of a wind park installation. It is expected that output power mainly determines the primary emission, while supply voltage distortion causes mainly secondary emission depending on the frequency dependent input impedance of the turbines. In field measurements both factors usually fluctuate at the same time and methods to distinguish the influences of both factors are required. This section introduces a method to separate the impact of supply voltage distortion (background distortion) on distortion currents in field measurements and to identify if a linear relation exists between them.
All data of the long-term measurement are divided into a matrix of 25x25 "cells" with approximately the same output power (Fig. 5/left ). Active and a reactive output power ranges of each cell are determined by dividing the maximum active and reactive power observed during the th , 14 th , 15 th and 16 th harmonic orders, which are the most dominant harmonics (cf. Fig. 2/left ). Particularly at higher reactive power output correlation seems to be usually weaker. It should be noted that a low correlation coefficient only means that no linear correlation exists, but not that no correlation exists at all.
ANALYSIS AT WIND PARK LEVEL
Selected aspects of the total harmonic and interharmonic currents of the wind park and its impact on the voltage distortion at the connection point are exemplarily discussed using a part of the short-term measurements, where the active output power of the wind park has been increased stepwise from 1 MW to 9 MW, while reactive power has been kept constant at Q = 0.
Most relevant harmonic currents ( Fig. 7/top harmonic phase angles). The polar plots in Fig. 9 confirm this explanation, as the 7 th voltage harmonic considerably changes its phase angle with increasing harmonic current. Further details and a method for a simplified assessment of the level of secondary cancellation can be found in [8] .
Interharmonic currents (Fig. 8) consistently increase with increasing active output power. This characteristic also applies to the higher interharmonics, which are not shown in the figure. Interharmonic voltages are very low and increase with increasing interharmonic currents. The level of increase is partly linked to the network impedance. As virtually no interharmonic background voltages exist, secondary cancellation effects like for the 7 th harmonic do consequently not occur.
SUMMARY
The paper discusses some aspects of the distortion characteristic of a 12 MW wind park consisting of 6 similar turbines based on field measurements. Distortion covers harmonics and interharmonics below 2 kHz as well as distortion above 2 kHz (supraharmonics). A statistical analysis of the typical distortion characteristic is based on long-term measurements at reference/default settings of the wind park and the turbines. The impact of different operating points or changes of parameter settings on the distortion characteristic is analysed based on short-term measurements performing different sets of "controlled" tests (e.g. change of output power). Furthermore, the analysis distinguishes between the characteristics of individual turbines and the park installation as a whole.
The individual turbines behave similar, but differ partly to the distortion current values provided by the manufacturer certificate. This confirms that location-specific conditions, particularly frequency-dependent network impedance and supply voltage distortion have a significant impact on the distortion currents. The analysis at wind park level shows that, especially in case of harmonics, currents can also have a positive impact on the voltage distortion in the network. Particularly where harmonic currents exceed specified limits, it is recommended to assess this impact before considering additional mitigation equipment. This issue is also discussed in the joint CIGRE/CIRED working group C4.42. Last but not least, it should be mentioned that during the long-term measurements the voltage quality at the connection point did fully comply with EN 50160.
Within the project a huge amount of data has been collected. A fundamental basis for any further analysis is a careful determination of measurement accuracy, which includes all external sensors. A set of existing as well as newly developed methods have been applied to analyse different aspects of the distortion characteristic of the individual turbines and the wind park. However, a modular framework for measurement and analysis of the distortion characteristics of a customer installation is still missing and should be developed in the future.
